1. Introduction
===============

Celastrol, a triterpene derived from the Chinese medical herb *Trypterygium wilfordii* \[[@B1-molecules-19-03508]\], has been shown to be an effective treatment in multiple complex diseases, such as rheumatoid arthritis \[[@B2-molecules-19-03508]\], lupus erythematosus \[[@B3-molecules-19-03508]\], lateral sclerosis \[[@B4-molecules-19-03508]\], Alzheimer's disease \[[@B5-molecules-19-03508]\] and asthma \[[@B6-molecules-19-03508]\]. However, the most attractive function of celastrol is its anti-cancer effect. It has been shown to have very powerful anti-cancer activity in many kinds of cancer cell types with various treatment mechanisms. For example, it inhibited the growth of tumor cells by suppressing angiogenesis in prostate cancer \[[@B7-molecules-19-03508]\] and it inhibited IκBα kinase activation \[[@B8-molecules-19-03508]\], proteasome activity \[[@B9-molecules-19-03508]\], or vascular endothelial growth factor receptor (VEGFR) expression \[[@B10-molecules-19-03508]\] to induce apoptosis. However, whether it exhibits selective anti-cancer activity in gefitinib-resistant NSCLC still remains uncertain.

Lung cancer remains the leading cause of cancer deaths globally \[[@B11-molecules-19-03508]\]. Patients with NSCLC, which accounts for 80% of all lung cancer cases, are often diagnosed at advanced stages of the disease, thus the prognosis of lung cancer remains poor \[[@B12-molecules-19-03508]\]. With the development of advanced DNA sequencing technology, the therapeutic strategy of NSCLC has been modified towards to personalized therapy. Some specific driver genetic mutations have been identified in NSCLC, such as *EGFR* \[[@B13-molecules-19-03508],[@B14-molecules-19-03508]\], *EML4-ALK* fusion gene \[[@B15-molecules-19-03508]\] and *ROS* fusion gene \[[@B16-molecules-19-03508]\], which direct the development of anti-cancer drugs towards to molecular-targeted therapy, by specifically targeting these driver mutations for individualized treatment purpose. EGFR protein overexpression was observed in 62% of the NSCLC patients and correlated with poor prognosis \[[@B17-molecules-19-03508],[@B18-molecules-19-03508]\]. Owing to the strong tumor-promoting effect of *EGFR* mutation and *EGFR* overexpression, specific small molecule inhibitors directly targeting EGFR are being developed. For example, gefitinib which is a tyrosine kinase inhibitor (TKI) can specifically inhibit EGFR and its downstream survival signaling pathway \[[@B19-molecules-19-03508]\]. NSCLC patients with L858R point mutation or exon 19 deletion in *EGFR* have been reported to show good initial responses to gefitinib \[[@B20-molecules-19-03508]\]. However, despite the good initial significant response of TKI, like other chemotherapeutic agents, patients acquire resistance to TKI ultimately. The median time to disease progression is about 12 months. Although the reason of drug resistance is multi-factorial, 49% of the gefitinib-resistant cases are associated with double mutation on *EGFR* \[[@B21-molecules-19-03508]\], the remaining resistant cases are due to the presence of other driver mutation genes which lead to bypass of the gefitinib treatment. Therefore, it is necessary and urgent to discover more effective potential agents as candidate drugs for treating gefitinib resistant NSCLC patients. In this study, we applied three different NSCLC cell lines, which are H1650, H1975 and H2228 for evaluating the effect of celastrol. H1650 and H1975 display primary resistance to gefitinib \[[@B22-molecules-19-03508]\]. H1650 has an activating deletion mutation on exon 19 of the *EGFR* gene \[[@B20-molecules-19-03508],[@B23-molecules-19-03508]\] and other driver mutation genes which leads to gefitinib resistance \[[@B24-molecules-19-03508]\]. H1975 habors T790M mutation in addition to the L858R activating mutation which is directly associated with gefitinib resistance, the steric hindrance provided by the bulky methionine amino acid residue hinders the binding of gefitinib to EGFR \[[@B25-molecules-19-03508]\]. H2228 contains wild-type EGFR and EML4-ALK fusion gene mutation \[[@B26-molecules-19-03508]\] and could be used as EGFR survival independent control cells. We have attempted to examine the levels of the apoptotic effect exerted by celastrol and study the anti-cancer mechanism of celastrol on the two gefitinib-resistant NSCLC cell lines, H1650 and H1975.

2. Results and Discussion
=========================

2.1. Celastrol is More Effective in Decreasing Cell Viability of Gefitinib-Resistant H1650 and H1975 Cells
----------------------------------------------------------------------------------------------------------

The cytotoxicity of celastrol was determined by MTT assay. We examined the effect of celastrol on three NSCLC cell lines, H1650, H2228 and H1975. Both H1650 and H1975 harbor EGFR-activating mutations but are resistant to gefitinib \[[@B22-molecules-19-03508]\], while H2228 harbors a wild-type EGFR that can be used as EGFR independent control cell line \[[@B26-molecules-19-03508]\]. Cells were incubated with a range of celastrol concentrations (0, 0.25, 0.5, 1, 2, 4, 6 μM) for 24, 48, and 72 h and cell viability assays were performed. As shown in [Figure 1](#molecules-19-03508-f001){ref-type="fig"}, although the viability of the three NSCLC cell lines were all significantly inhibited by the treatment of celastrol in a dose- and time-dependent manner, the two gefitinib resistant cell lines were more sensitive to the treatment. The IC~50~ values of celastrol on the three cell lines at 24, 48 and 72 h are shown in [Table 1](#molecules-19-03508-t001){ref-type="table"}. The results mentioned above suggested that celastrol exhibited stronger cytotoxic effect on gefitinib-resistant NSCLC H1650 and H1975 cells, when compared with H2228 which contains wild-type EGFR. The IC~50~ value of celastrol in H2228 is nearly 3-fold higher than that of H1975 and H1650.

![MTT assay results showed that celastrol decreased the cell viability of H1650, H2228 and H1975 after 24, 48, 72 h treatment. Results are expressed as mean ± S. E. (*n* = 3, **\*** *p* \< 0.05, **\*\*** *p* \< 0.01, **\*\*\*** *p* \< 0.001 for 24 h analysis; + *p* \< 0.05, ++ *p* \< 0.01, +++ *p* \< 0.001 for 48 h analysis; \# *p* \< 0.05, \#\# p \< 0.01, \#\#\# *p* \< 0.001 for 72 h analysis).](molecules-19-03508-g001){#molecules-19-03508-f001}
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The IC~50~ values of celastrol on three NSCLC cell lines.

  Cell line   IC~50~ Value (μM)                 
  ----------- ------------------- ------------- -------------
  **H1650**   2.78 ± 0.77         1.18 ± 0.32   0.79 ± 0.27
  **H1975**   2.03 ± 0.48         1.00 ± 0.18   0.60 ± 0.15
  **H2228**   \>6                 3.28 ± 0.74   1.95 ± 0.45

2.2. Celastrol Induced Apoptosis in H1650
-----------------------------------------

To our knowledge, the anti-cancer effect of celastrol on H1650 has not been reported, but this cell line represents a specific group of NSCLC patients with resistance to gefitinib but without a EGFR double mutation. To examine whether celastrol induces cytotoxicity and apoptosis in H1650 cells, cells were treated with the indicated concentrations of celastrol for 6 and 24 h respectively, and stained with Annexin V-FITC/PI, wheras Annexin V-stained cells and double-stained cells are the early and late stage of apoptotic cell respectively. [Figure 2](#molecules-19-03508-f002){ref-type="fig"}A,B show the apoptosis analysis results of the treated-cells and the control cells after treatment for 6 and 24 h, respectively. The flow cytometry results showed that celastrol induced a significant increase in apoptosis as early as 6 h, indicating that celastrol is a fast and strong apoptosis inducer. For example, after 6 h treatment, more than 30% of the cells treated with 4 μM of celastrol underwent apoptosis (Q2 + Q3). When the cells were treated with 4 μM of celastrol for 24 h, the percentage of apoptotic cell sharply increased to 64.2%. These results suggested that celastrol can quickly and significantly induced apoptosis in H1650.

![Celastrol induced apoptosis in H1650 cells at different time points. (**A**) After treating with celastrol (0.5, 1, 2, 4 μM) for 6 h, cells were collected for apoptosis analysis. (**B**) Cells were collected for apoptosis analysis at 24 h after the treatment of celastrol (0.5, 1, 2, 4 μM).](molecules-19-03508-g002){#molecules-19-03508-f002}

2.3. Celastrol Induced Apoptosis via Mitochondria-Dependent Pathway
-------------------------------------------------------------------

To investigate whether the apoptotic effect induced by celastrol in H1650 was mediated through mitochondria dependent pathways, the mitochondria membrane potential (MMP) was measured by using the fluorescence dye, JC-1. It was known that the loss or disruption of MMP during the early phase of apoptosis results in an increase in mitochondria membrane permeability, and release of cytochrome c into the cytosol, which further leads to activation of caspases, finally causing apoptosis \[[@B27-molecules-19-03508]\]. Changes in MMP of H1650 cells were detected at 6 and 24 h after treatment of celastrol, as shown in [Figure 3](#molecules-19-03508-f003){ref-type="fig"}A,B. Because JC-1 has two different forms, the monomer and the aggregate form. If MMP is gradually lost and depolarized, JC-1 will predominantly exist as the monomer form which yields green fluorescence signals. On the other hand, JC-1 will aggregate together and then yield red fluorescence in normal hyperpolarized mitochondria \[[@B28-molecules-19-03508]\]. Compared with the untreated cells, celastrol showed the capability of inducing a significant loss of MMP, which was indicated by the higher green fluorescence but lower red fluorescence signals.

Next, we examined whether the loss of MMP would mediate the ratio of Bcl-2/Bax and cytochrome c in celastrol-treated H1650 cells. As shown in [Figure 3](#molecules-19-03508-f003){ref-type="fig"}C, following treatment of celastrol, the protein level of Bcl-2 remarkably decreased, while that of Bax increased. Cytochrome c was gradually released from mitochondria to the cytosol. These results suggested that the apoptosis induced by celastrol was mediated through mitochondria-dependent pathways as well as changes in the expression of Bcl-2 family proteins.

![Celastrol induces apoptosis via mitochondria-dependent pathway. (**A**) The level of MMP of H1650 cells was analyzed after the treatment of celastrol for 6 h by flow cytometry. (**B**) The level of MMP of H1650 cells was analyzed after the treatment of celastrol for 24 h by flow cytometry. (**C**) Celastrol regulated the ratio of Bcl-2/Bax and caused cytochrome C release from the mitochondria.](molecules-19-03508-g003){#molecules-19-03508-f003}

2.4. Caspases were Significantly Activated by the Treatment of Celastrol and Inhibition of Caspases could Partially Attenuate the Apoptotic Effect Induced by Celastrol
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

The activation of caspases is essential for both the extrinsic and the intrinsic apoptotic pathways \[[@B29-molecules-19-03508]\], and caspase 3/7 are considered as the executors of apoptosis \[[@B30-molecules-19-03508]\]. Once they are activated, this will lead to the execution stage of apoptosis \[[@B31-molecules-19-03508]\]. To understand the role of caspases in the process of celastrol-induced apoptosis, we examined the effect of celastrol on the activation of caspases. In [Figure 4](#molecules-19-03508-f004){ref-type="fig"}, western blot results showed that celastrol was able to effectively induce the cleavage of caspases 3 and 7 at the concentrations of 2 and 4 μM. PARP, which is involved in the repair of DNA damage in response to apoptotic signal stimulation and is the downstream effector of caspases \[[@B29-molecules-19-03508]\], was also significantly activated. These suggest that celastrol significantly stimulated the activation of caspases in H1650.

Then we tested whether the induction of apoptosis by celastrol is associated with extrinsic or intrinsic apoptosis pathway. We found that both caspase-8 and caspase-9 which are the key components of extrinsic apoptosis pathway \[[@B32-molecules-19-03508]\] and intrinsic apoptosis pathway, respectively \[[@B33-molecules-19-03508]\], were significantly activated by the celastrol treatment, which suggested that the apoptotic effect of celastrol is mediated by both intrinsic and extrinsic apoptosis pathway. Similar results were observed in H1975, which is another gefitinib-resistant NSCLC cell line. As shown in the right panel of [Figure 4](#molecules-19-03508-f004){ref-type="fig"}, both caspase-8 and 9 were activated by the treatment of celastrol. Moreover, PARP, a marker of apoptosis was also significantly activated. Therefore, celastrol can induce both extrinsic and intrinsic apoptosis pathways in gefitinib-resistant NSCLC cells.

To further explore whether caspases activation is necessary for the induction of apoptosis, we pretreated cells with the pan-caspase inhibitor Z-VAD-fmk at 20 μM for 1 h and then co-treated with celastrol for 24 h. Interestingly, except for the high dosage group (4 μM), the pretreatment of pan-caspase inhibitor can partially inhibit the apoptosis induced by celastrol. By comparing the results of [Figure 2](#molecules-19-03508-f002){ref-type="fig"}B and [Figure 5](#molecules-19-03508-f005){ref-type="fig"}, after the pre-treatment of pan-caspase inhibitor in the 1 and 2 μM celastrol treatment groups, it showed that the percentage of apoptotic cells significantly decreased. However, in 4 μM celastrol treatment group, there was no significant change. It indicated that the effect of apoptosis-inhibition effect of pan-caspase inhibitor cannot totally offset the effect of apoptosis induced by of celastrol in H1650. Taken together, these results indicated that caspases were significantly activated by the treatment of celastrol and the inhibition of caspases activation can partially attenuate the celastrol-induced apoptosis in H1650.

![Effect of celastrol on the activation of caspase 3, 7, 8, 9 and PARP was detected at 24 h after the treatment of celastrol, and β- actin was considered as a loading control. Left panel showed the Western blot results of H1650, and the right panel showed the Western blot results of H1975.](molecules-19-03508-g004){#molecules-19-03508-f004}

![Compared with the celastrol single treatment group, the pretreatment of pan-caspase inhibitor can partially attenuate the apoptotic effect induced by celastrol in H1650.](molecules-19-03508-g005){#molecules-19-03508-f005}

2.5. Celastrol Down-Regulated Hsp90 Client Proteins
---------------------------------------------------

Since inhibition of caspases was unable to fully block the apoptotic effect of celastrol, there should be alternative pathway that can mediated celastrol-induced apoptosis. Celastrol has been identified as a Hsp90 inhibitor and apoptosis mediator by facilitating the degradation of Hsp90 client proteins \[[@B34-molecules-19-03508]\]. It also stabilizes a number of proteins required for tumor growth, therefore Hsp90 inhibitors are highly investigated as anti-cancer drugs, especially for drug-resistant cancer \[[@B35-molecules-19-03508]\].

To determine whether celastrol can regulate these chaperone proteins in H1650 and H1975, we measured the protein level of EGFR and AKT, two well-known client proteins of Hsp90. As shown in [Figure 6](#molecules-19-03508-f006){ref-type="fig"}, both proteins were significantly down-regulated by the treatment of celastrol starting at 2 μM. These results indicated that celastrol can inhibit Hsp90 chaperone function in these two gefitinib-resistant cell lines. Since the EGFR activated mutation was considered to be one of the main reasons of the carcinogenesis of H1650 and H1975 \[[@B36-molecules-19-03508]\], the inhibition of Hsp90 client proteins induced by celastrol plays a tumor suppressing role in this EGFR survival dependent cells.

![Celastrol significantly induced the degradation of Hsp90 client proteins: EGFR and AKT in both H1650 and H1975.](molecules-19-03508-g006){#molecules-19-03508-f006}

3. Experimental
===============

3.1. Materials
--------------

Celastrol powder was purchased from Sigma Aldrich (St. Louis, MI, USA). The primary anti-bodies of anti-actin, total EGFR, total/phospho- AKT, PARP, caspase-3, caspase-7, cleaved caspase-8 and caspase-9 were purchased from Cell Signaling Technology (Danvers, MA, USA). The primary anti-bodies of anti-Bcl-2, Bax, cytochrome c were purchased from Santa Cruz (Dallas, Texas, TX, USA). Fluorescein-conjugated goat anti-rabbit and mouse anti-bodies were purchased from Odyssey (Belfast, ME, USA). Pan-caspase inhibitor, JC-1, and Annexin V/ PI staining dye were purchased from BD Biosciences (San Jose, CA, USA).

3.2. Cell Lines and Cell Culture
--------------------------------

H1650, H1975 and H2228 were purchased from ATCC and cultivated with RPMI 1640 medium supplemented with 10% fetal bovine serum (Gibco, Big Cabin, Oklahoma, ME, USA), 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco, Big Cabin, Oklahoma, ME, USA). All the cells were cultivated at 37 °C with 5% CO~2~incubator.

3.3. 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) Assay
-------------------------------------------------------------------------------

Cells were seeded on a 96-well microplate with 4000 cells/well, and were cultured overnight for cell adhesion. Wide concentrations of range of celastrol were added with vehicle control: Dimethyl sulfoxide (DMSO) and the microplates were incubated for 24 or 48 h. Each dosage was repeated as triplicate. Ten μL of MTT (5 mg/mL) solution was added to every well and the plate was placed back in the incubator for 4 h. Then 100 μL of the resolved solution (10% SDS and 0.1 mM HCL) was added to each well and the plate was further incubated at 37 °C for another 4 h to dissolve the formazan crystals. Finally, the absorbance of the plate was measured at 570 nm (absorbance) and 650 nm (reference) by a microplate reader (Tecan, Morrisville, NC, USA). The cell viability is calculated as the percentages change of the absorbance of treated cells divided by the absorbance of untreated cells.

3.4. Assessment of Apoptosis Levels by Annexin V/PI Staining
------------------------------------------------------------

After treatment, cells were harvested, washed with PBS, and re-suspended with 1 x binding buffer. Then cells were double-stained with Annexin V/PI for 15 min at room temperature in dark. Apoptotic cells were quantitatively counted by a flow cytometer (BD FACSAria III).

3.5. Analysis of Mitochondrial Membrane Potential
-------------------------------------------------

Cell permeable and mitochondrial specific fluorescent dye JC-1 was applied to determine the mitochondrial membrane potential (MMP) of H1650. After treatment, cells were harvested, washed, and stained with JC-1 for 15 min in the incubator at 37 °C. Then cells were washed again and suspended with regular medium. The change in MMP of the cells was measured by flow cytometer followed with the manufacturer's protocol. In brief, the fluorescence emission spectrum of JC-1 is dependent on its concentration. There are two forms of JC-1 which are the monomer and the aggregate forms. If MMP is gradually lost and depolarized, JC-1 will predominantly exist as the monomer form which yields green fluorescence signal. On the other hand, JC-1 aggregates together and yields red fluorescence in normal hyperpolarized mitochondria \[[@B28-molecules-19-03508]\].

3.6. Western Blot Analysis
--------------------------

Cells were lysed in RIPA lysis buffer with protease and phosphatase inhibitors added to extract the total whole cell protein extract. The concentration of the total protein extract was determined by Bio-Rad DCTM protein assay kit (Bio-Rad, Philadelphia, PA, USA). Then 30 μg of total protein lysate were loaded and electrophoresed onto a 10% SDS-PAGE gel and then the separated proteins were transferred to a Nitrocellulose (NC) membrane. Membranes were blocked with 5% milk without fat in TBST for 1 h at room temperature. Primary anti-bodies (1:500 dilutions) were incubated overnight at 4 °C. After washing the membrane by TBST for three times (5 mins/time), secondary fluorescent antibody (1:10000 dilutions) were added to membrane at room temperature for 1 hr. Actin was used as the loading control and for normalization. The signal intensity of the membranes was detected by an LI-COR Odessy scanner (Belfast, ME, USA).

3.7. Statistical Analysis
-------------------------

All of the data were expressed as mean ± SE of three individual experiments. Differences between groups were determined by one way analysis of variance (ANOVA), followed by Bonferroni's test to compare all pairs of columns. For all the tests, the level of significance was set at *p* \< 0.05.

4. Conclusions
==============

Recently, EGFR TKI, like gefitinib, is emerging as an effective clinical therapeutic drug for NSCLC patients who show EGFR overexpression or activated mutation on their lung tumor. However, the clinical success of EGFR TKI is limited by the development of drug resistance within 12 months. New effective agents for gefitinib-resistant patients are urgently required. Celastrol, which is a cytotoxic agent, exhibits significant anti-cancer activity in various cancer models \[[@B37-molecules-19-03508]\], but its anti-cancer effect on gefitinib-resistant NSCLC cells remains unknown. In this study, we demonstrated that celastrol is an effective and potent agent in gefitinib-resistant NSCLC H1650 and H1975 cell lines. Celastrol exerted cytotoxicity in these two gefitinib-resistant NSCLC cell lines by induction of caspase-dependent apoptosis and Hsp90 client protein degradation.

Several apoptotic characteristics were observed in celastrol-treated H1650 and H1975 cells, such as cellular shrinkage, the cleavage of PARP and caspases activation. It has been reported that apoptosis signaling can be initiated either at the cell surface through a death receptor-induced signaling pathway, or within the cell via the release of pro-apoptotic factors such as cytochrome c and Bcl-2 family proteins \[[@B38-molecules-19-03508]\]. In our study, we explored the apoptosis signaling pathways induced by celastrol in H1650; therefore MMP and the levels of some apoptotic-associated proteins were examined. In [Figure 3](#molecules-19-03508-f003){ref-type="fig"}, we observed that MMP was gradually lost, the ratio of Bax/Bcl-2 increased and cytochrome c was released from mitochondria by the treatment of celastrol. All these results suggested that celastrol induced a mitochondria-initiated apoptosis. In the mitochondria-initiated pathway, caspase activation is triggered by the formation of the Apaf-1/cytochrome c complex, which recruits and activates pro-caspase-9. Activated caspase-9 cleaves and activates downstream caspases, such as caspase-3, and -7 \[[@B39-molecules-19-03508]\]. These are consistent with the results as shown in [Figure 4](#molecules-19-03508-f004){ref-type="fig"}. Moreover, we found that caspase-8 which is the key regulator of extrinsic apoptosis pathway was also remarkably activated. Next, a caspases inhibition experiment showed that pan-caspase inhibitor can partially attenuate the cytotoxic effect of celastrol, which indicated that caspases activation was involved in the apoptotic process induced by celastrol. However, the partial inhibition results also suggested that besides the induction of caspases activation, there could be another signaling pathway involved in celastrol-mediated apoptosis.

In several studies, celastrol has been shown to have strong anti-cancer activity by inducing the degradation of Hsp90 client proteins \[[@B34-molecules-19-03508]\]. The major function of Hsp90 is to maintain the stability and activity of multiple kinases, transcription factors and steroid receptors \[[@B40-molecules-19-03508]\], many of which are dysregulated in human cancer, such as Raf-1, EGFR and AKT \[[@B41-molecules-19-03508],[@B42-molecules-19-03508],[@B43-molecules-19-03508]\]. The results in [Figure 5](#molecules-19-03508-f005){ref-type="fig"} showed that celastrol induced the degradation of EGFR and AKT, which is consistent with the previous reports \[[@B34-molecules-19-03508]\]. Since the activating mutation of EGFR plays a central role in the dysregulation of gefitinib-resistant H1650 NSCLC cells \[[@B44-molecules-19-03508]\], the degradation of EGFR will contribute remarkably to inhibit the proliferation of these EGFR survival dependent cancer cells. Although the treatment mechanism of celastrol has been reported in two NSCLC cell lines H1975 and A549 \[[@B45-molecules-19-03508],[@B46-molecules-19-03508]\], our results further indicated a new treatment mechanism of celastrol in a selective type of EGFR survival dependent gefitinb-resistant lung cancer.

In conclusion, findings in the current studies indicate that celastrol possesses significant apoptotic induction effects in gefitinib-resistant cells, and caspases activation and Hsp90 client protein degradation play important roles in this apoptotic process. Celastrol may potentially be developed as a promising agent for treatment of gefitinib-resistant NSCLC patients in the future.

This work was supported by Macao Science and Technology Development Fund (Project No: 074/2011/A3).

*Sample Availability*: Samples of the compounds are available from the authors.

The authors declare no conflict of interest.
